This presentation will illustrate the recent innovations in 3D stereophotogrammetry to provide a useful technique for accurate recording of the face dysmorphology in children with cleft lip and palate and patients with facial deformities who have had orthognathic surgery. Using a custom developed software program facial landmarks were digitised on the computerised 3D model, Procrustes analysis was applied to superimpose the 3D co-ordinates of anatomical landmarks at different time intervals. Principal component statistical analysis was applied to assess the magnitude of surgical changes. The method was accurate to within 0.5 mm and has been shown to be reliable in infants. Significant soft tissue changes were detected following orthognathic surgery; these were stable at 6 months following surgery when compared with the immediate postoperative appearance. The validity of automatic tracking of anatomical landmarks during facial animations has also been investigated using Di4D software. This presentation will highlight the clinical applications of 4D imaging and debate the accuracy of 3D prediction planning for correction of dentofacial deformities.
Introduction
Three-dimensional imaging techniques have attempted to overcome the shortcomings of conventional two-dimensional methods [1] [2] [3] [4] [5] [6] . These techniques have included: morphanalysis [7] , laser scanning [8, 9] , 3D computerized tomography scanning [10] , Stereolithography [11] , 3D ultrasonography [12] , 3D facial morphometry [13, 14] , digigraph imaging [15] , Moiré topography [16] and contour photography [17] .
Stereophotogrammetry is a technique of facial imaging by using two cameras, configured as a stereopair, to generate the 3D configuration of the face by triangulation. To reduce inaccuracy due to possible head movement and change in facial expression, images from each side of the face are taken simultaneously and the duration of exposure has been reduced with improvement in technology [18] . A vision-based non-contact 3D imaging system (C3D®) has been developed at Glasgow University to be utilised for clinical assessment of facial morphology [19, 20] The system is described in more detail elsewhere [21] . Its capture time is one milliseconds and its accuracy is within 0.26 mm in the three directions [22, 23] . Since its introduction the technology is now commercially available.
Aims
The aim of this presentation is to explore the broad application of 3D imaging in quantifying facial deformities and assessing surgical outcomes in the following groups of patients:
• Following surgical repair of cleft lip & palate.
• Patients who had had surgical correction of dento-facial deformities • The validation and future applications of 3D motion capture.
Cleft lip & palate
A study to evaluate three-dimensional lip morphology, following primary reconstruction in children with unilateral cleft lip and palate relative to contemporaneous non-cleft data was carried out at the Glasgow Dental School, University of Glasgow [24] . *Balvinder.Khambay@glasgow.ac.uk 2nd International Conference on 3D Body Scanning Technologies, Lugano, Switzerland, 25-26 October 2011 Two groups of 3-year-old children were recruited (21 with unilateral cleft lip and palate and 96 controls) facial images were taken using a three-dimensional vision-based capture technique.
The three-dimensional images of the face were reflected so the cleft was on the left side to create a homogeneous group for statistical analysis. Three-dimensional coordinates of anthropometric landmarks were extracted from the facial images. Three-dimensional, generalized Procrustes superimposition was implemented and a set of linear measurements were used to compare cleft and control subjects for right and left sides, adjusting for sex differences.
The results showed that crista philtri on both the cleft and non-cleft sides were displaced laterally and posteriorly; there was also a statistically significant increase in philtrum width. No significant differences between cleft and control regarding the cutaneous height of the upper lip. The lip in the cleft patients was flatter than in the non-cleft individuals, with less prominence of labialis superioris.
In conclusion, stereophotogrammetry allows detection of residual dysmorphology following cleft repair. There was significant increase of the philtrum width. The lip appeared flatter and more posterior displaced in unilateral cleft lip and palate patients compared with controls.
In a further study the group evaluated the three-dimensional (3D) lip morphology following primary reconstruction in children with unilateral cleft lip and palate (UCLP) relative to contemporaneous noncleft data [25] .
Three groups of 10-year-old children: 51 with UCLP, 43 UCL (unilateral cleft lip), and 68 controls.
Three-dimensional images of the face were recorded using stereo cameras on a two-pod capture station, and 3D coordinates of anthropometric landmarks were extracted from the facial images. A novel method was applied to quantify residual lip dysmorphologies using Principle Component Analysis (PCA).
Residual lip dysmorphologies were more pronounced in UCLP cases. The width of the Cupid's bow was increased due to lateral displacement of the christa philteri left (cphL) in both UCL and UCLP patients. In the upper part of the lip, the nostril base was significantly wider in UCLP cases when compared with UCL cases and controls.
In conclusion stereophotogrammetry, together with associated image analysis, allows early detection of residual dysmorphology following cleft repair.
Orthognathic Surgery
3D facial images were taken using a stereophotogrammetry-based 3D imaging system (Di3D® system) before and after surgery for 44 patients: 20 Class III cases treated by bimaxillary osteotomy; 12 Class III cases treated by maxillary advancement alone, and 12 Class II cases treated by bimaxillary operations. 3D images were taken within a week before operation (T1), and one (T2), three (T3), and six (T4) months after operation [26] .
3D facial models were exported as Virtual Reality Modelling Language (VRML) models to be inserted into the Facial Analysis Tool® (FAT). Each 3D model was loaded and displayed in 3 viewing windows. The landmarks were directly digitised on the 3D model on the screen. A text file containing x, y and z coordinates of each landmark was produced and saved for analysis.
The original configuration of landmarks for each patient at each assessment time was scaled to a common size. Each of the configurations was reflected around an arbitrary plane and a mirror image (reflected) configuration was generated. The original configuration was superimposed on the reflected configuration using partial Ordinary Procrustes Analysis (OPA). The partial Ordinary Procrustes superimposition involved two steps: translation and rotation. First, the geometric centres of the two configurations (original and reflected) were found. Then they were translated so that they were superimposed on their geometric centre. Rotation followed the translation, moving one configuration about its geometric centre until the best fit was found between all homologous landmarks while preserving the information about shape and size of each configuration. The 'individual symmetrical configuration' was created by calculating the mean of the original configuration and the reflected version after aligning. This was followed by superimposition of the original configuration on the created individual symmetrical configuration using partial OPA again.
The mean squared distances between landmarks in the original configurations and their corresponding landmarks in the individual symmetrical configurations were expressed as a general facial asymmetry score for each subject. The perfect symmetrical face would have a score of zero. The higher the score, the more asymmetrical the face. The values presented in the 3D asymmetry analysis were stated in terms of units. Facial landmarks configurations were scaled in order to allow comparisons regardless of size differences between configurations. The use of units instead of millimetres might be considered a drawback. However, the advantage of the current analysis lies in its independence of any assumed symmetry plane to reflect (or mirror) soft-tissue landmarks as well as lack of influence of size on the calculated asymmetry scores. In addition, the analysis is not affected by the direction of asymmetry. In other words, patients with left deviations of the chin can be included in the same sample of patients with right deviations of the chin without the concern of positive differences cancelling out negative differences. The landmarks employed in the current analysis have been found to be highly reproducible in a previous investigation [21] with an error below 0.5 mm in landmark identification. Any inconsistencies in landmark identification above this limit may reduce the diagnostic value and sensitivity of such analyses.
In the bimaxillary osteotomy group, facial symmetry improved after operation. In the maxillary advancement group, there was no notable improvement in facial symmetry after the operation. In the bimaxillary group, facial symmetry deteriorated after the operation, particularly at the tip of the nose and prominence of the chin. At six months follow-up, the changes in facial asymmetry in the three groups were not significant.
3D motion analysis
A paralysis or weakness of one side of the face can significantly impact an individual's quality of life and appearance. The patient often has difficulty performing basic daily functions such as eating, drinking, and swallowing and communicating. There is a known increased risk for moderate to serious levels of depression and anxiety in such patients. In some situations the nerve supplying the facial muscles may have had to be surgically removed and may require repair. Techniques aimed at correcting the paralysis include nerve "replacement" surgery, trying to join the ends of the cut nerve together or muscle and nerve transfer.
Important treatment goals for a patient with facial paralysis are to achieve facial symmetry at rest and to return the ability to smile. However, there are no widely accepted measurement techniques for the assessment of these goals. The present methods either involve describing the loss of function in words, taking measurements directly from the patient's face using a ruler, or measurements from a conventional photograph or video [27] . These techniques are not very reproducible and are time consuming. As a result, it is difficult to measure the effectiveness of a medical intervention or a surgical reconstruction. A usable measurement system would allow comparison of preoperative and postoperative facial position and movement. By comparing the paralyzed side with the normal side, the degree of deformity and the effectiveness of surgery could be identified.
Advances in 3-dimensional data capture, three dimensional motion tracking, and computer modeling now allow for more appropriate measurement and analysis of facial animation. Colour 3D motion capture video systems have been developed to capture colour 3D motion stereo video sequences of a face. The system in current use (Di4D, Dimensional Imaging, Glasgow, U.K.) also has a unique function in which the first image of the system only needs to be landmarked and the remaining sequence is automatically landmarked, reducing the time and errors involved in manual landmark placement.
Research in facial paralysis outcomes has traditionally been evaluated with subjective measures. Current 4D methods are far superior and generate reproducible, accurate, and objective data for such clinical studies. As these technologies become more readily available, we would anticipate a paradigm shift in how this type of research is conducted.
